A lthough mental fatigue is among the most frequent symptoms reported by patients with traumatic brain injury (TBI), [1] [2] [3] it has received little attention in clinical research presumably because adequate objective measures are lacking. Fatigue may be assessed both with subjective (questionnaires) and physiological measures. Subjective measures seem to be more sensitive to detect fatigue after brain injury. [3] [4] [5] The prevalence of fatigue after TBI varies considerably across studies, ranging from 30% to 70%. 6 Moreover, it seems to be a long-lasting symptom, although only a few longitudinal studies have been reported. Olver et al 7 compared patients with predominantly severe TBI at 2 and 5 years postinjury and found a high prevalence of fatigue at both time points (68% and 73%, respectively). Bushnik et al 8, 9 found that selfreported fatigue improved during the first year, then did not change significantly up to 2 years after TBI. Surprisingly, several studies found no significant relationships between fatigue and injury severity. 5, 10, 11 In a population-based study 5 years postinjury, fatigue was reported more frequently by individuals with severe TBI (58%), as compared with minor or moderate TBI (35% and 32%, respectively), but the difference was not statistically significant.
Fatigue may have a significant impact on daily-life functioning. It has been found associated with increased limitations in physical activities and social functioning, 12 with poorer outcomes in cognition, motor symptoms, and general functioning, 8 or with poorer well-being and quality of life. 10 The mechanisms of fatigue after TBI remain debated. It has been found associated with depression, pain, disturbed sleep, 13 or neuroendocrine abnormalities. 4, [14] [15] [16] [17] The role of demographic characteristics, such as gender and education are debated. 5, 10, 11 Van Zomeren and van den Burg 18 argued that fatigue after TBI could be closely related to cognitive deficits, particularly to attentional problems. Indeed, fatigue could be due to the constant compensatory effort required to reach an adequate level of performance in everyday life, despite cognitive deficits, and slowed processing. This is known as the "coping hypothesis." This hypothesis has received support from a few recent studies addressing the relationships between subjective fatigue and performance on long-duration cognitive tasks. 5, [19] [20] [21] [22] [23] These studies mostly included patients with mild to moderate injury. Moreover, subjective mental effort has not been systematically assessed. The present study aimed to investigate the relationships of fatigue with attentional impairments, mental effort, and mood after severe TBI. It was hypothesized that participants with severe TBI would perform worse on attentional measures than healthy controls, and that attentional From AP-HP, Hôpital Raymond Poincaré, Service de Médecine Physique et de Réadaptation, Garches, France (AB, NA, PA); INSERM U731, Paris, France (AB, PA); UPMC, Faculté de Médecine, Laboratoire de Physiologie et Physiopathologie de la Motricité, Paris, France (AB, PA); and Université de Versailles Saint Quentin, France (PA). Address correspondence to Philippe Azouvi, MD, PhD, Service de Médecine Physique et de Réadaptation, Hôpital Raymond Poincaré, Garches 92380, France. E-mail: philippe.azouvi@rpc.aphp.fr. performance would be associated with higher levels of mental effort, and higher reports of subjective fatigue.
Methods

Participants
Patients included in this study were consecutively referred to our rehabilitation unit. They were all engaged in a rehabilitation program at the time of testing, either as inpatients or as outpatients. Inclusion criteria were the presence of a severe high velocity closed-head TBI, with the lowest postresuscitation Glasgow Coma Score (GCS) of 8 or less. Patients were included only if posttraumatic amnesia had resolved, as assessed by a score of 76 or more at the Galveston Orientation and Amnesia Test, 24 and if they had no motor/behavioral deficits that could preclude completion of testing. Exclusion criteria concerned the presence of other diseases as the source of fatigue, of previous neurological or psychiatric disease, or of known substance abuse. They were compared with controls matched for age, gender, and education duration.
Measures
The experimental session usually took place in the morning, at about 10:00 am in most cases.
Attentional task. Participants were asked to perform a computerized sustained selective attention task (Go/No Go). The task was designed to be complex enough to tap higher-order attentional resources and to be of sufficient duration to provoke mental fatigue. Stimuli were letters appearing for 1 second on the computer video screen with interstimuli intervals ranging randomly from 1 to 5 seconds. Participants were required to press on a response button when a given target appeared on a computer video screen but not for nontargets (foils). The task was divided in 2 parts, each including 500 trials over 30 minutes (so the whole task duration was about 1 hour). Targets and foils were not the same in the 2 parts of the task. Measures were mean reaction times and number of missed targets. Between the 2 parts of the task, participants were given a short break during which they completed the Visual Analog Scale for Fatigue (VAS-F) and mental effort questionnaires.
Assessment of subjective fatigue. Two subjective fatigue scales were selected because they are easy to administer, have good psychometric properties, and have previously been found useful in patients with TBI. The Fatigue Severity Scale (FSS) 25 has been widely used to assess day-to-day subjective fatigue. It measures impact of fatigue on daily functioning and the distress caused by fatigue. The FSS includes 9 items related to fatigue over the past 2 weeks, which are rated on a Likert-type 5-level scale. Higher scores indicate higher subjective fatigue. The FSS has a good internal consistency, and acceptable validity, at least in patients with multiple sclerosis 25 and has been found sensitive to TBI. 3, 5, 6 This scale provides a measure of global fatigue over a relatively long period of time (2 weeks).
The VAS-F 26 has also been widely used to measure subjective fatigue at a given time point (situational fatigue), during, before, and after a cognitive task. Participants were asked to estimate their feeling of fatigue on a 10-cm horizontal line. The score was the distance (in centimeters) from the left mark of the line. This scale can be separated into a fatigue and an energy subscale. Scoring ranges between "Not at all tired" and "Very tired" (fatigue subscale) and "Not at all energetic" and "Very energetic" (energy subscale). The VAS-F has been found to be a reliable and valid measure of fatigue, [26] [27] [28] and the energy subscale of the VAS-F has been shown to differentiate between head-injured participants and control participants. 3, 26 The FSS, that measures fatigue over a 2-week period, was given only once, as a measure of baseline fatigue, whereas the VAS-F, which measures instantaneous fatigue at a given moment, has been given at 3 times, before the attentional task (T0), during the break before the 2 parts of the task (T1), and at the end of the task (T2), to assess evolution of subjective fatigue while completing a complex selective attention task.
Rating of mental effort. The subjective mental effort devoted to the attentional task was assessed by means of a VAS, consisting of a 10-cm horizontal line. There were 2 marks, each accompanied by the following statements: "no effort at all" at the left, and "very high effort" at the right of the line. Subjects were asked to cross the line at some point between these 2 ratings, to indicate how much mental effort was necessary to complete the task. The score was the distance (in centimeters) from the left mark of the line. Two measures were obtained, after the end of the first (T1) and second (T2) part of the task.
Assessment of mood. The Montgomery and Asberg
Depression Rating Scale (MADRS) 29 was used. It includes 10 depression-related items, each rated on a 6-level scale. The cutoff value for diagnosis of depression is 15. 29
Experimental Design
Participants first completed the 3 baseline questionnaires (before starting the attentional task, this will be referred to as T0): FSS, VAS-F, and MADRS. Then, they performed the first part of the selective attention task. During the break between the 2 parts of the task (T1), and at the end of the second part of the task (T2), participants again completed the VAS-F and were asked to rate the sub jective mental effort necessary for the task that has just been completed.
Statistical analyses were performed with Statview software, using repeated-measures analyses of variance (ANOVAs), with group (patients vs controls) as between-subject factor and time (T0 vs T1 vs T2) as within-subject factor.
Patients were informed of the experimental aim of the study. The study design was in accordance with the Helsinki Declaration.
Results
A total of 27 severe TBI patients (6 women and 21 men) were included. The mean age was 31.7 years (SD, 9.16 ; range, 20-49 years), and mean education duration was 13.45 years (SD, 2.63; range, 7-17 years). The mean lowest GCS score was 5.88 (SD, 1.90; range, 3-8), mean coma duration was 25 days (SD, 43.97; range, 1-210 days), and mean posttraumatic amnesia (PTA) duration was 47.52 days (SD, 43.16; range, 3-150 days; data on injury severity were not available in 6 cases). They were in a subacute/chronic stage (mean time since injury, 9.27 months; SD, 5.21; range, 3-26 months) and independent in hygiene and basic self-care such as dressing, bathing, eating, walking, but required supervision or assistance for more complex tasks. None worked or attended school on inclusion. Half had moderate disability and half had severe disability (due to cognitive impairments) according to the Glasgow Outcome Scale. 30 The control group included 26 healthy individuals (6 women and 20 men), matched for age, gender, and education duration (mean age, 32.4 years; SD, 10.3; range, 20-52 years; and mean education duration, 14.2 years; SD, 2.1; range, 10-17 years).
Selective Attention Task Performance
Three repeated-measures ANOVAs were conducted with reaction times, number of missed targets, and mental effort as dependent variables (Table 1) . Group (patients vs controls) was used as between-subject factor and time (T1 vs T2) as within-subject factor.
Reaction Times
The TBI group showed longer reaction times than controls, F(1, 51) = 30.36; P < .01. In both groups, reaction times did not significantly deteriorate with time, F(1, 51) = 0.88; P = . 35 . There was no significant group × time interaction, F(1, 51) = 0.15, P = .69.
Accuracy: Number of Omissions
TBI patients missed more targets than controls (significant main effect of group: F(1,51) = 14.89, P < .01). The main effect of time and the group × time interaction were not significant, F(1, 51) = 1.60, P = .21; F(1,51) = 0.12, P = .72, respectively.
Subjective Fatigue
FSS at baseline. Patients reported significantly higher subjective fatigue than controls with the FSS (mean scores: patients = 2.14, SD = 0.73; controls = 1.70, SD = 0.47; F(1, 50) = 6.487, P < .01). Figure 1 shows the VAS-Fatigue and VAS-Energy subscales scores before and after completion of the attentional tasks. Two repeated-measures ANOVA were conducted, one with VAS-Fatigue and one with VAS-Energy as dependent variables. Group (TBI vs controls) was used as the betweensubject variable and time (T0 vs T1 vs T2) as the withinsubject variable.
VAS-F at baseline and after completion of the cognitive tasks.
Regarding the VAS-Fatigue subscale, there was no significant main effect of group, F(1, 51) = 1.37; P = .24. There was a significant main effect of time, F(2, 102) = 23.8; P < .0001, Abbreviations: TBI, traumatic brain injury; RT, reaction time. a T1 and T2 refer to the 2 successive parts of the task.
Abbreviations: TBI, traumatic brain injury; C, controls; VAS, Visual Analog Scale. TBI Fatigue TBI Energy C Fatigue C Energy
Figure 1 Course of Mean VAS-Fatigue and VAS-Energy Subscale Scores Before (T0), Between the 2 Parts (T1), and After the End (T2) of the Selective Attention Task
due to increase of fatigue with time in both groups, but without any significant group × time interaction, F(2, 102) = 0.7; P = .5.
Regarding the VAS-Energy subscale, there was a tendency for lower energy score in the TBI group, F(1, 51) = 3.5; P = .06, with a significant main effect of time, F(2, 102) = 4.9; P < .01, due to a decline of energy during completion of the task. However, there was no significant group × time interaction, F(2, 102) = 0.5; P = .6.
Mental Effort
Patients with TBI did not report significantly different mental effort than controls, F(1, 51) = 0.2; P = .6. Mental effort was judged to be higher after T2 than T1, F(1, 51) = 8.76; P < .01, in both groups. There was a nonsignificant trend for a group × time interaction, F(1, 51) = 2.99; P = .08. This trend was due to a tendency for a greater increase of mental effort from T1 to T2 in the control group as compared with patients with TBI (see Figure 2 ).
Assessment of Mood
Patients with TBI showed a significantly higher depression score on the MADRS (mean score, 6.88; SD, 4.15) than healthy controls (mean score, 2.03; SD, 2.47), F(1, 42) = 23.52; P < .01. However, none of the TBI patients or healthy controls reached the cutoff score of a clinically significant depression (ie, 15). 29 There was no significant correlation between subjective fatigue (FSS and EVA-F) at any time point and depression (MADRS) in any group (all correlation coefficients <0.2, P > .05).
Relationships Between Baseline Fatigue (FSS), Attention Performance, and Mental Effort
Pearson correlation coefficients were computed (in the group with TBI only) between the mean FSS score on the one hand and reaction times, omissions, and mental effort on the other. The FSS score was chosen here as this score best discriminated patients and controls regarding fatigue. The results (see Table 2 ) showed that the FSS score was significantly correlated with reaction times (T2), omissions (T1), and mental effort (T1 and T2). All these correlations were positive, indicating that higher mental fatigue was associated with longer reaction times (at least in the second task), more omissions, and higher mental effort.
We also searched for correlations between mental effort and performance. Mental effort at T1 was significantly correlated with missed targets at T1 (but not at T2), and conversely, mental effort at T2 was significantly correlated with omissions at T2 (but not at T1). There was also a similar trend of correlations with corresponding reaction times, although not reaching statistical significance. All these correlations were positive indicating that higher subjective mental effort on a given task was associated with a higher number of missed targets and (as a trend) higher reaction times on that task (Table 2) .
Finally, we looked at correlations between subjective fatigue (both with the FSS and the VAS-F) and time since injury: none of these correlations approached significance (all rs < .25, Ps > .2).
Discussion
The present study attempted to document mental fatigue and its complex relationships with cognitive deficits, mental effort, and depression in individuals with severe TBI. Subjective fatigue and subjective mental effort were assessed before, during, and after the completion of a sustained selective attention task. Analysis of performance on the attentional task showed that patients with severe TBI performed poorer than controls, both in terms of speed of processing and in terms of accuracy (they committed significantly more omissions than controls). However, there was no group × time interaction, indicating that performance in the group with TBI did not deteriorate more than that of controls with time (at least when comparing the second half with the first half of the task). These data are consistent with previous studies showing that patients with 
Figure 2 Mean Subjective Mental Effort Devoted to the 2 Successive Parts of the Selective Attention Task
Abbreviations: TBI, traumatic brain injury; C, controls. severe TBI do not show greater time-on-task effects than controls on sustained attention tasks. 19, 22, [31] [32] [33] Participants with severe TBI reported significantly higher day-to-day fatigue than healthy controls with the FSS. This finding was consistent with previous studies showing baseline fatigue increased after TBI, as assessed with the FSS or other comparable scales. 3, 5, 6, 9, 10, 20 Situational fatigue as assessed with the VAS-Fatigue subscale was not significantly higher in the TBI group as compared with controls. There was, however, a trend for lower scores in the VAS-Energy subscale, which did not reach statistical significance. More important, situational fatigue did not increase more during and after completion of the attentional task in the TBI group as compared with controls. Performance on the cognitive task was associated with an increase of fatigue and a decrease of energy. However, these effects were similar in both groups, and there was no trend for a group × time interaction. This result is in accordance with the study by Ziino and Ponsford, 23 who used a quite similar approach. Nevertheless, in this latter study, a subgroup of patients with TBI showed a disproportionate increase of fatigue associated with a greater decline of performance with time. 23 These data suggest that there might be some heterogeneity in the group with TBI and that some patients may demonstrate increased fatigue during completion of a mental task, independently of their baseline level of fatigue.
Mental effort required to perform the task did not significantly differ between groups. This result was in opposition to our previous study in which we found that patients with severe TBI reported higher mental effort during a complex divided attention task, as compared with controls. 21 This discrepancy could be related to the fact that the tasks used in this previous study were more difficult, requiring a higher level of executive control. In the present study, mental effort was assessed separately for the first and the second part of the task. Both groups rated their effort higher for the second as compared with the first task. However, there was a trend for a significant group × time interaction that appeared to be due to a tendency for less increase in mental effort from T1 to T2 in the patient group as compared with controls. This suggests that patients were less able than controls to adapt their level of mental effort during completion of the task. However, these effects did not reach statistical significance and await further confirmation.
We assessed the relationships between subjective fatigue, mental effort, and cognitive performance in the TBI group. Results showed that baseline fatigue (as measured with the FSS) was significantly correlated with performance on the attention task (both speed and accuracy) and with mental effort. Mental effort on one given task was also found to be significantly correlated with attention performance (at least in terms of accuracy). These significant correlations were positive, indicating that higher baseline fatigue was associated with higher mental effort and poorer attention performance.
These results are in line with the coping hypothesis, 32 and in accordance with previous studies on mental fatigue and cognition after TBI. In one of the first studies in the field, Riese 19 found that patients with TBI, as compared with controls, showed stronger effects on subjective and physiological (heart rate) indicators of distress, during completion of a continuous divided attention task. Subjective fatigue was not directly assessed. Azouvi et al 21 assessed mental effort during completion of a complex divided attention task in 43 patients with severe TBI. Patients reported higher subjective mental effort than controls. However, higher mental effort was significantly related neither to task difficulty nor to cognitive performance. Ziino and Ponsford 22,23 studied, in 2 parallel studies, the relationships between self-reported fatigue and cognitive deficits (vigilance and selective attention). In the patient group, fatigue was significantly correlated with performance on the vigilance task and on the complex selective attention test, but not with more simple attentional tasks. Ashman et al 20 also found some relationships between selfreported fatigue and some measures (speed) but not other measures (accuracy and executive function). They suggested that certain types of mental activity and effort are more related to the experience of subjective fatigue than others. It should be emphasized that these latter studies included patients with less severe injuries and/or at a much more chronic stage, as compared with the present study. This suggests that these findings are quite robust across a wide range of injury severity and of time since injury.
Depression is a possible confounding factor. Indeed, fatigue is a frequent symptom of psychiatric disorders such as depression or anxiety, and conversely, an individual's psychological state can be affected by the presence of persisting fatigue. 14, 23, 34 However, previous studies found that anxiety and depression accounted for only a limited part of the variance of subjective measures of fatigue. 5, 10, 11, 35, 36 In the present study, patients showed significantly higher depression scores than controls on the MADRS. However, the scores remained low in both groups, and none of the participants reached the cutoff score for diagnosis of depression. 29 Moreover, there was no significant correlation between fatigue and mood (MADRS). Consequently, in accordance with previous studies, depression could not be considered here as the only plausible cause of fatigue in patients with TBI.
There are a few limitations to the present study. It is possible that the selective attentional task that was used here was not complex enough. A more resource-demanding task (eg, a dualtask under time pressure or with a high working memory load) could be associated with more fatigue with time. The second comes from the possible confounding effect of medications. Some patients received medications (antidepressant, analgesic, anticonvulsant, and/or antispasmodic medications) at the time of testing. However, these treatments had neither been introduced nor changed recently before testing. Moreover, a recent study found no significant correlation between subjective fatigue and medication use in a sample of patients with TBI. 5 In summary, patients with severe TBI reported higher levels of baseline day-to-day fatigue. Compared with controls, patients as a group did not report a disproportionate increase in fatigue during and after an attention test. Individual patients may show a different profile, however. Fatigue did not appear to be related to depression. Patients with more severe attentional deficits may have to produce higher levels of mental effort to deal with a complex task, which could result in increased subjective fatigue, as proposed by van Zomeren et al. 32 Further research on the management of mental fatigue in a rehabilitation setting is needed to reduce the impact of fatigue on patients' everyday life.
